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Abstract 
Laboratory tests were conducted to assess the physical properties and mineral content of Sidoarjo mud volcano (or known as Lusi). 
These information are used to estimate the compression index which is considered to be important to support the reclamation 
program of the impoundment area. Physical properties of Lusi such as particle size distribution, Atterberg limits and specific gravity 
were determined in laboratory. Mineral content was observed through XRD test. Based on the Atterberg limit, the compression 
index was determined. The mineral content observed from the test are Chlorite and Illite. The results show that Lusi material consist 
of mostly fine-grained soil about 84.47% which dominated by clay size particle about 54.47% of total dry weight. Based on USCS 
it is classified as high plasticity silt (MH). New correlation has been proposed to estimate compression index from liquid limit and 
plasticity index using available data in literature. This new approach uses A-line in plasticity chart as boundary to database for 
developing the equations. Based on this separation of databases, more precise equations are obtained indicated by higher R value. 
Compression index of Lusi mud volcano is 0.367 from liquid limit-based calculation and is 0.454 from plasticity index-based 
calculation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering 
Forum (EACEF-5). 
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1. Introduction 
Mud volcano eruption near residential area may cause damage and loss to neighboring environment physically and 
materially. In 2006, mud volcano has been erupted in coastal city of Sidoarjo, East Java, Indonesia. Sidoarjo mud 
 
 
* Corresponding author. Tel.: +62 274-487711; Fax: +62 274 487748. 
E-mail address: luky.handoko@staff.uajy.ac.id 
 2015 The Authors. Published by Elsevi r Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering 
Forum (EACEF-5)
325 Luky Handoko et al. /  Procedia Engineering  125 ( 2015 )  324 – 330 
volcano is also known as Lusi, which is the abbreviation of Lumpur Sidoarjo (in Indonesian, “lumpur” means mud). 
Based on data in 2012 from Balai Penelitian Lumpur Sidoarjo [2], the impoundment area of Lusi reached 640 ha and 
drowned about 100,000 home residents. A 12 meters dike was constructed to restrict wider impacted area. The eruption 
activity has been reported decreasing, from about 100,000 m3/day to be about 30,000 m3/day in 2012, however it still 
continues up to now. During that period, enormous amount of mud has been produced. Environment issues become 
the main concern in the future if there are no actions taken this day to solve that problem. 
Erupted material is more likely in liquid state collected inside the dike as the mud produced. As the height increases 
due to the mud production, three consecutive sedimentation processes occur, e.g. flocculation, sedimentation and 
consolidation [3]. The illustration of those processes is depicted in Fig. 1. At the first stage, the mud forms flock which 
called as flocculation stage. As the flocks formed, it settles due to gravitational force indicating the settling stage has 
been started. At the last stage, consolidation process occurs due to load from the material-self weight. The transition 
time among those process is very difficult to be observed. The impoundment area of Lusi is quite large and different 
stages of sedimentation process could be found at different locations. Near the eruption hole, non-sedimented fresh 
material is produced. At this location, the material has high content of water and flocculation stage is going to begin. 
Earlier produced material is located farther from the eruption hole. At this location, more solid material is observed 
and self-weight consolidation stage is still going on or already finish. 
Eruption of Lusi mud volcano has been predicted to continue for the next tenth years. During that period, higher 
water content material is produced and the capacity of the dike may not be sufficient. Erupted mud volcano is 
considered as waste materials if it is not used properly and becoming environment burden. Utilization of Lusi mud 
volcano [4,5,6,7] becomes an interesting topic for researchers in several past years. Most of those applications use 
mud volcano partially, not as the main construction material. Due to the great amount of mud productions, it is 
necessary to look for appropriate methods to use Lusi mud volcano as the main construction material, thus significant 
amount materials can be reduced. Reference [8] investigate the utilization of high water content material as 
embankment by increasing its strength through dewatering process using free energy of siphon vacuum. Other 
researchers have been focusing research on ground improvement by using vertical drain, vacuum pressure, surcharge 
loading or combination between vacuum pressure and surcharge loading. Ground improvement by consolidation will 
both increases the capacity of the dike by reducing its volume and increases the strength of the ground so it can support 
the upper structure. The success of those methods highly depends on the determination of compressibility properties 
of the soils. Those methods are seemingly promising to reduce potential problems related to the eruption of Lusi mud 
volcano. This paper focuses on the determination of physical properties as well as the mineral content of Lusi mud 
volcano. The physical properties are then to be used to predict the compressibility of soils that is very important 
parameter for supporting the remediation methods. 
Fig. 1 Illustration of sedimentation process (after Reference [2]) 
2. Sampling and laboratory test program 
Ground surface of the impoundment area is very weak and subjected to immediate settlement. Close to the eruption 
hole, the ground has less strength to support external load. Mud samples were taken at location far from the eruption 
hole where the ground has sufficient strength to support surface load. Those samples were taken at depth of about 20 
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cm from ground surface. The sample was disturbed and subjected to physical properties and mineral content test in 
laboratory. Specific gravity (ASTM D854), particle size distribution (ASTM D422), water content (ASTM D2216), 
Atterberg limit tests (ASTM D4318) were conducted in laboratory to investigate the physical properties. Mineral 
contents were investigated by conducting X-ray Difraction (XRD) test. Compressibility of the material was estimated 
from its physical properties. 
3. Results and discussions 
3.1. Laboratory test results 
 This section mainly presents the result of physical properties test and mineral content test. Fig. 2 shows mineral 
content of Lusi based on XRD test. The test result shows that Lusi may contain Chlorite and Illite mineral. Reference 
[9] shows that mineral content plays important role on specific gravity (GS) weight. Chlorite mineral commonly has 
specific gravity about 2.6-2.9 while Illite about 2.8. It is confirmed by laboratory test that Lusi mud volcano has 
specific gravity about 2.71. Specific gravity is required for calculating volume-mass relationship of soils. 
The states of soils is depended on the content of water within its pore. Soils can be at liquid state, plastic state, 
semi-solid state or solid state. Atterberg limits define the water content at transition between two adjacent soil basic 
states: Liquid limit (wL) corresponds to the water content at transition from liquid state to plastic state, plastic limit 
(wP) corresponds to the water content at transition from plastic to semi-solid state and shrinkage limit (wS) corresponds 
to the water content at transition from semi-solids to solid state. From Atterberg limit investigation, the liquid limit is 
about 58.44%, plastic limit is about 30.77% and shrinkage limit is about 22.27%. Other important indices are plasticity 
index (IP) which determines the range of water content from liquid limit to plastic limit and shrinkage index (IS) which 
determines the range of water content from liquid limit to shrinkage limit. The plasticity index is found to be 27.66% 
and shrinkage limit is about 22.27%. 
Particle size distribution was determined using sieve analysis for coarse grain, while hydrometer test were used for 
fine grain analysis. Lusi mud volcano is dominated by fine grain about 84.47% which mostly is clay sized particle 
about 55.4% and silt size particle about 30%. The coarse grain portion is about 15.53% which all of it is in the range 
of sand size. From the particle size and the Atterberg limit, Lusi mud volcano can be classified into silt soil with high 
plasticity (MH) based on Unified Soil Classification System (USCS). Physical properties of Lusi mud 
volcano are presented completely in Table 1. 
 
Table 1. Physical properties of Lusi 
Properties Value 
Water content, w 62.14%-73.29% 
Specific gravity, Gs 2.71 
Liquid limit, wL 58.44% 
Plastic limit, wP 30.77% 
Shrinkage limit, wS 22.27% 
Plasticity index, IP 27.66% 
Shrinkage index, IS 36.17% 
Liquidity index, IL 1.13-1.54 
% coarse grain 15.53%% 
% fine grain 84.47% 
% silt 30% 
% clay 54.47% 
Classification (USCS) MH (High Plasticity Silt) 
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Fig. 2 Mineral content of Lusi from XRD test 
3.2. Estimation of compression index based on Atterberg limits 
Compression index is one of the most important engineering properties to solve problems in Sidoarjo area as 
explained previously. This property can be obtained directly from experiments in laboratory using oedometer 
apparatus or seepage induced consolidation apparatus is used to determine compression index. Laboratory test has 
been recognized to have disadvantages due to difficult of specimen preparation, high cost and consumed time. Another 
approach can be used to determine those properties by estimation method from basic engineering properties. 
Tabel 2 Empirical equation from selected database 
Data Equations R value Estimated compression index, CC 
Based on liquid limit, wL    
Total data 
Above A line 
Below A line 
CC=0.0072(wL-7.3) 
CC=0.0066(wL-2.3) 
CC=0.01(wL-21.7) 
0.876 
0.940 
0.830 
0.368 
0.371 
0.367 
Based on plasticity index, IP    
Total data 
Above A line 
Below A line 
CC=0.0087(IP+13) 
CC=0.0087(IP+8.5) 
CC=0.014(IP+4.8) 
0.890 
0.940 
0.941 
0.354 
0.315 
0.454 
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Compression index has been proven to have good agreement with consistency limits. Existing equation in literature 
shows that compression index can be estimated based on : liquid limit [1,10,11,12,13], plasticity index [1,14,15] and 
shrinkage index [1]. Fig. 2 presents the compression index of soils obtained from literature [1,10,16,17,18,19,20] 
plotted in plasticity chart. All of the data used in this paper are obtained from Reference [1], selected those which has 
liquid limit is less than 100%. Plotted data are grouped into several range of compression indices. Based on the chart, 
it is easily to understand that compression index tends to increase as liquid limit increases. Similar tendency was also 
observed from plasticity index. Based on the results, more consideration is conducted on liquid limit and plasticity 
index. Reference [21] found that most of high content materials were located at above the A-line in plasticity chart 
(see Fig. 3) that indicates highly compressible materials. Plotted data in plasticity chart shows that Lusi mud volcano 
is located at slightly below the A-line, thus the high compressibility behavior needs a special attention when dealing 
with this material.  
Table 2 shows the available empirical equations in literature that can be used to estimate compression index using 
liquid limit and plasticity index. Some empirical equations do not separate database at above and below A-line in 
plasticity chart. As it is known that A-line in plasticity chart plays important role as a boundary separating higher and 
lower compressibility behavior [21], it is necessary to propose different equation from database at above and below 
A-line. Data from Reference [1] are then grouped into three categories which are:  (1) total data that represents all 
data, (2) data at above A-line and (3) data at below A-line. The selected equations are then fitted using those different 
group of data and the R value is presented to show the performance of each equation. The results indicate that using 
specific database, the empirical equation may perform better. Liquid limit-based equations of Skempton [10]; Terzaghi 
and Peck [12]; and Azzouz [13] show better performance when estimating soil database above the A-line than soil 
database below The A-line. This claim is obtained based on the R value presented in Table 2. The R values of database 
above the A-line are higher from those below the A-line and even from total database. This is true because those 
equations were proposed based on clay database which is mostly located at above A-line in plasticity chart. Sridharan 
and Ngaraj [1] liquid limit-based equation show good agreement for all databases. This equation shows R value more 
than 0.81 for all group of database. Cozzolino [11] equation does not perform well when tested using these databases. 
Plasticity index-based equations of Nakase [15] and Sridharan and Ngaraj [1] perform better estimation for soils below 
the A-line, while Nacci [14] performs better for soils below the A-line. From those selected equations, compression 
index of Lusi mud volcano is estimated to range between 0.227 up to 0.436 from liquid limit-based calculation and it 
also ranges between 0.334 up to 0.438 from plasticity index-based calculation.  
Based on the same data used in Reference [1], empirical correlations are proposed based on different group of data. 
Table 3 presents the equations along with the R value when fitted with those databases. From the R values, those 
equations indicate better performance to estimate compression index than other existing equations. It can be shown 
that using A-line as boundary, better equations generally can be obtained. Based on the new correlation, compression 
index of Lusi mud volcano is about 0.367 from liquid limit-based calculation and is about 0.454 from plasticity index-
Tabel 3 Estimation of compression index from liquid limit and plasticity index 
References Equations R value Estimated compression 
index, CC Total Above A line Below A line 
Based on liquid limit, wL      
Skempton (1944) 
Cozzonlino (1961) 
Terzaghi and Peck (1967) 
Azzouz et al. (1976) 
Sridharan and Ngaraj (2000) 
CC=0.007(wL-10) 
CC=0.0046(wL-9) 
CC=0.009(wL-10) 
CC=0.006(wL-9) 
CC=0.008(wL-12) 
0.843 
N.A. 
0.697 
0.670 
0.870 
0.884 
N.A. 
0.772 
0.701 
0.913 
0.784 
N.A. 
0.576 
0.603 
0.812 
0.339 
0.227 
0.436 
0.297 
0.372 
Based on plasticity index, IP      
Nacci et al. (1975) 
Nakase et al. (1988) 
Sridharan and Ngaraj (2000) 
CC=0.02+0.014IP 
CC=0.046+0.0104IP 
CC=0.014(IP+3.6) 
0.585 
0.758 
0.368 
N.A. 
0.911 
N.A. 
0.863 
0.519 
0.931 
0.407 
0.334 
0.438 
Note: N.A. = not available
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based calculation. The compression index was obtained from equations for soils below A-line. This paper encourages 
further research to confirm the precision of this method by using much more databases. 
4. Conclusions  
Physical properties and mineral content of Lusi mud volcano was investigated. The observed mineral content are 
Chlorite and Illite. Specific gravity weight is about 2.71. Lusi mud volcano is dominated by clay-sized particle (less 
than 2 μm) about 54.47%, silt-sized particle about 30% and the rest is considered as sand-sized particle about 15.53%. 
Liquid limit, plastic limit and shrinkage limit is about 58.445, 30.77% and 22.27%, respectively. Based USCS, Lusi 
mud volcano can be classified as high plasticity silt (MH). Plotting liquid limit and plasticity index in plasticity chart 
shows that Lusi mud volcano position is slightly below A-line, which is a boundary to high compressibility materials. 
New empiric correlation to estimate compression index from liquid limit and plasticity index has been proposed 
from database of Reference [1]. This new approach uses A-line in plasticity chart as boundary to database for making 
the equations. Based on this separation of databases, more precise equations are generally obtained, which is indicated 
by higher R value. From those equations, compression index of Lusi mud volcano is 0.367 from liquid limit-based 
calculation and is 0.454 from plasticity index-based calculation. This paper encourages researcher to separate 
empirical equation for database at above and below A-line since this separation may show better estimation results. 
More databases are required to confirm this approach. 
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